A regional flux-based risk assessment approach for multiple contaminated sites on groundwater bodies by Jamin, Pierre et al.
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution
and sharing with colleagues.
Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.
In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information




A regional ﬂux-based risk assessment approach for multiple contaminated
sites on groundwater bodies☆
P. Jamin a, F. Dollé a, B. Chisala a,b, Ph. Orban a, I.-C. Popescu c, C. Hérivaux d,
A. Dassargues a, S. Brouyère a,⁎
a Université de Liège, Fac. Applied Sciences, Dpt ArGEnCo, Geo³-Hydrogeology and Aquapôle Research Centre, Building B52, 4000 Sart Tilman, Belgium
b University of Shefﬁeld, Groundwater Protection and Restoration Group, Kroto Research Institute, University of Shefﬁeld, Broad Lane, Shefﬁeld S3 7HQ, UK
c Service publique de Wallonie, DGARNE-DGO3, Division de l'Eau, Direction des Eaux Souterraines, Belgium
d BRGM (French Geological Survey), Water Department, 1039 rue de Pinville, 34000 Montpellier, France
a r t i c l e i n f o a b s t r a c t
Article history:
Received 12 November 2010
Received in revised form 14 June 2011
Accepted 1 July 2011
Available online 27 July 2011
In the context of the Water Framework Directive (EP and CEU, 2000), management plans have
to be set up to monitor and to maintain water quality in groundwater bodies in the EU. In
heavily industrialized and urbanized areas, the cumulative effect of multiple contaminant
sources is likely and has to be evaluated. In order to propose adequate measures, the calculated
risk should be based on criteria reflecting the risk of groundwater quality deterioration, in a
cumulative manner and at the scale of the entire groundwater body. An integrated GIS- and
flux-based risk assessment approach for groundwater bodies is described, with a regional scale
indicator for evaluating the quality status of the groundwater body. It is based on the SEQ-ESO
currently used in theWalloon Region of Belgiumwhich defines, for different water uses and for
a detailed list of groundwater contaminants, a set of threshold values reflecting the levels of
water quality and degradation with respect to each contaminant. The methodology is
illustrated with first results at a regional scale on a groundwater body-scale application to a
contaminated alluvial aquifer which has been classified to be at risk of not reaching a good
quality status by 2015. These first results show that contaminants resulting from old industrial
activities in that area are likely to contribute significantly to the degradation of groundwater
quality. However, further investigations are required on the evaluation of the actual polluting
pressures before any definitive conclusion be established.










The EU Water Framework Directive (EP and CEU, 2000)
requires management plans to monitor, to maintain and, if
required, to restore the quality of surface water and ground-
water bodies. In very urbanized and industrialized regions,
water resources, and particularly groundwater, are subject to
many pollution pressures related to different kinds of socio-
economic activities and contaminants (UNEP/ADEME, 2005;
European Environment Agency, 2006). These plans cannot be
deﬁnedwithout considering industrial sitespotentially harmful
to groundwater resources and, in this context, different
questions arise. How can we take into consideration all these
potential and actual sources of pollution in evaluating the riskof
deterioration of groundwater quality and the efﬁciency of
programs of measures deﬁned to restore this quality? And, as a
consequence of this, how canwe evaluate groundwater quality
at the regional scale of the groundwater body and the evolution
with time of groundwater quality?
Classical risk assessment and management concepts for
contaminated sites are usually based on a univocal relation-
ship between a source of pollution and a potentially exposed
receptor, commonly referred to as the source–pathway–
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receptor approach, with an evaluation of the receptor's
exposure level and a comparison to environmental and health
regulations (e.g. Ferguson et al., 1998; Fairman et al., 1999).
This conceptual approach is convenient for pollution sources
and receptors well located in space, such as local pollution
“hotspots” and pumping wells nearby. By contrast, in heavily
industrialized and urbanized areas, because of the spatial
extent of groundwater bodies, many point or diffuse pollution
sources may need to be considered in the analysis, with
complex groundwater vectors for contaminant dispersion, and
a meaningful regional risk assessment approach has to be
considered (Gay and Korre, 2006; Critto and Sutter, 2009).
Several projects have been dedicated recently to the
development of methodologies for contaminated megasite
management, such as CLARINET (2002), NICOLE (2003),
WELCOME (2004), INCORE (Ptak et al., 2003; Jarsjo et al.,
2005), DESYRE (Carlon et al., 2007; 2008), and SAFIRA II
(Schädler et al., 2007; Morio et al., 2008). These projects
propose concepts and tools for a regional analysis of
environmental issues related to contaminated sites, for
regional risk assessment, for prioritization of investment
and rehabilitation on industrial land parcels and brownﬁelds
or for cost–beneﬁt socioeconomic analyses. Beside these
megasite-oriented projects, other decision support systems
have been developed (Béranger et al., 2006), based on GIS
systems, e.g. SMARTe (Vega et al., 2009) or DECERNS
(Sullivan et al., 2009) for data management and cartography
and for regional scale risk assessment for contaminated sites,
SADA (Purucker et al., 2009) or ERAMANIA (Semenzin et al.,
2009) for ecological risk assessment, BOS (Tait et al., 2004;
2008; Chisala et al., 2007) for the management of ground-
water in urban areas and BASINS (Kinerson et al., 2009),
RISKBASE (Brils and Harris, 2009) or CatchRisk (Troldborg et
al., 2008) for water pollution risk assessment and manage-
ment at catchment scale. However, these projects do not
really propose speciﬁc indicators for the quality of ground-
water seen as a regional resource (Caterina et al., 2009). The
objective here is to ﬁll this gap by proposing a ﬂux-based
methodology to calculate a groundwater quality indicator
that considers the cumulative effect of multiple, spatially-
distributed pollution sources with multiple types of contam-
inants. This approach can be used for groundwater quality
trend assessment and for groundwater pollution risk assess-
ment on groundwater bodies.
Themethodology and related tools are described in details
and illustrated using a synthetic example and a ﬁrst real scale
application to a deteriorated groundwater body in Belgium.
2. Methodology for regional risk assessment
The methodology for regional risk assessment is summa-
rized in Fig. 1. The scale of application corresponds to the
groundwater body deﬁned in the context of the EU water
framework directive as the groundwater management unit for
aquifers in Europe. The approach can also straightforwardly be
limited and applied to parts of groundwater bodies where
stronger deterioration ofwater quality is observed or to speciﬁc
areas such as contaminated megasites. In the groundwater
body of interest, the various potential sources of pollution are
identiﬁed and geo-referenced into a speciﬁc geospatial data-
base (Fig. 1a). For each of the selected contaminant sources, the
migration of contaminants within the aquifer is calculated
using a numerical groundwater ﬂow and transport model
developed at the scale of the groundwater body. Repeating the
same procedure for all identiﬁed sources of contamination
provides a map of contaminants' plumes in the studied
groundwater body (Fig. 1b) at different times. The generated
plumes are classiﬁed in termsof groundwater quality classes on
a normalized scale that accounts for threshold values deﬁned
speciﬁcally for each contaminant, using the SEQ-ESO evaluation
system used in the Walloon Region (Rentier et al., 2006). This
gives a global picture of the quality status of the groundwater
body (Fig. 1c). Finally, a global quality index (Iglobal) is calculated
for the groundwater body at each time step, using a weighting-
average formula (Fig. 1d). The different modules composing the
regional risk assessment systemaredescribed indetails hereafter.
2.1. Geospatial database for regional groundwater quality and
pollution risk assessment
A geodatabase, organized according to the Source–
Pathway–Receptor schema, has been developed to store and
manage the important quantity of spatially distributed data
required by the regional approach. This geodatabase has been
developed under ArcMAP environment, with a speciﬁc menu
in the graphical user interface, based on Visual Basic scripts
and routines, and using shapeﬁles and attributes tables for
handling environmental data. The conceptual schema of the
geodatabase is shown in Fig. 2. The “Source” module gathers
the information on potential contaminated sites. It is used to
characterize the nature, size and location of industrial sites.
The “Pathway” module organizes the information needed to
characterize the physical environment, such as geology,
hydrogeology, soils or land-use. The “Receptor” module
gathers the information on potentially exposed receptors,
which are ﬁrst the groundwater resource but possibly also
other receptors such as streams, pumping wells or springs.
At such a regional scale, it is unlikely to obtain all the
information on existing pollution sources because all the
contaminated sites are not necessarily known or characterized
in details. The selection of pollutant sources considered in the
analysis can also be based on registered industrial activities
using a matrix “activity-pollutant” presented as two Microsoft
Access-type linked tables connected with a shapeﬁle listing all
industrial plants. The ﬁrst table is a dictionary of seventy-ﬁve
selected pollutants with their main physico-chemical proper-
ties (e.g. solubility, octanol–water partitioning coefﬁcients,
Henry's constants …) and contaminant threshold values used
in the Walloon regulation (Walloon Soil Decree, 2008). The
second table relates classiﬁed industrial activities and associ-
ated pollutants, based on previous similar works (e.g. MATE,
2000; SITErem, 2002). The “Industry” shapeﬁle and the
pollutant-activity matrix are linked using an activity code
deﬁned according to the European industrial activity classiﬁ-
cationNACE(EuropeanCommission, 2008) to create a shapeﬁle
of potential contaminant sources.
2.2. Groundwater ﬂow and transport modeling concepts
In order to evaluate the impact of pollution sources on the
quality of the groundwater resource, it is necessary to
evaluate, at regional scale, how much and to which extent
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groundwater is degraded from these sources. This requires
quantifying contaminant mass ﬂuxes to and through ground-
water in order to determine the volumes of degraded
groundwater and the severity of this degradation, i.e. the
spatial extent of the contaminated plumes and concentrations
of contaminants. Existing monitoring networks, usually based
on piezometers, are unlikely to provide extensive and exhaus-
tive information on groundwater pollution because they are
very often limited to the neighborhood of identiﬁed polluted
sites. The alternative is to use groundwater ﬂow and transport
models to calculate contaminantmassﬂuxes from thepollution
sources to and through groundwater. The objectives of the
groundwater ﬂow and transport model is ﬁrst to calculate the
dispersion plumes of contaminants in the saturated zone, but
also to evaluate the relative importance of speciﬁc pollutant
sourceswithin a regional contamination (i.e. site prioritization)
and to test programs of measures deﬁned for the restoration of
groundwater quality for groundwater body management.
The extent and the boundaries of the concerned area (i.e. the
model) have to be clearly deﬁnedbefore anyother consideration.
This step should be achieved with decision makers and
stakeholders at the beginning of the risk assessment process.
The most logical choice is to consider the whole groundwater
body as deﬁned by the EU Water Framework Directive,
delineated according to geological, hydraulic and administrative
factors and included into every EU member state legislations.
A comprehensive modeling approach requires calculating
ﬁrst the vertical leaching of contaminants from the pollution
source to the groundwater table, then the horizontal dispersion
of contaminants in the saturated zone. However, the pollution
sources considered correspond mostly to historical contamina-
tions having occurredwhenenvironmental regulationswere less
restrictive. Accordingly, it is assumed, as a ﬁrst approximation,
that contaminants have already reached the groundwater table
and that the leaching of contaminants to groundwater can be
modeled as a speciﬁed mass ﬂux considering the recharge rate
and the effective solubility of each contaminant.
The groundwater ﬂow and transport model consists of a
transient transportmodel based on a steady-state groundwater
ﬂow model. It serves to calculate groundwater ﬂuxes and
groundwater ﬂow directions in order to route contaminants
from the pollution sources through the groundwater body and,
subsequently, to run transport simulations. Steady state
simulations for groundwater ﬂow are sufﬁcient because the
objective is to delineate contamination plumes over long time
periods, and not to consider the inﬂuence of groundwater
dynamics on these plumes.
Aquifer hydraulic conductivity deﬁned in the regional
model are essentially based on lithological entities using orders
of magnitudes resulting from ﬁeld measurements (pumping
tests …) for similar materials. Realistic estimates of ground-
water recharge are important because it is the driver of
Fig. 1. Regional risk assessment methodology applied to a groundwater body. Iglobal: global quality index for the whole groundwater body at time t [−], VGW:
volume of groundwater comprised in the zone where the risk is assessed [L³], Vi: volume of water into the cell i [L³], Ii: quality index for the cell i[−].
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Fig. 2. General organization of the Geodatabase.
Fig. 3. Interactions between GMS and regional risk assessment tool.
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contaminant ﬂuxes to and in groundwater. In this context, a
land cover mapping classiﬁcation methodology has been
developed from high resolution satellite data in order to
distribute in space the recharge as a function of the land-use
and soil imperviousness (Dujardin et al., 2009).
Practically, MODFLOW (Harbaugh et al., 2000) and MT3D
(Zheng and Wang, 1999) numerical simulations are per-
formed under GMS (Groundwater Modeling System) envi-
ronment. Data and information exchanges between the
modeling application and the regional risk assessment
system are managed through speciﬁc communication mod-
ules developed in the GIS interface. The communication
procedure is described in Fig. 3. The different shapeﬁles
required for the hydrogeological conceptual model are
prepared within the GIS system using data from the
geodatabase and imported in GMS (Fig. 3a) using the ‘GIS
and Map Module’. Based on that, a regional ﬁnite difference
grid is created and exported back to the GIS interface (Fig. 3b)
where it is used to clip the pollution sources and related
information (contaminant types and properties …) to be
again further exported in the appropriate GMS grid format
(Fig. 3c) for contaminant transport simulations (Fig. 3d).
Currently, the considered contaminant transport processes
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where C is the concentration [M L−³], t: time [T], D is the
hydrodynamic dispersion tensor [L²T−1], ve is the groundwater
effectivevelocity [L T−1],λ is theﬁrst-orderdegradationconstant
(T−1), q′: a source-sink term [T−1], C*=C if q′b0 (sink) and
C*=Cin if q′N0 (source), ne is the effective (transport) porosity
[−], R is the retardation factor equal to 1 + ρbKdne with ρb is the
bulk density of the porousmedia [M L−³] and Kd the distribution
coefﬁcient between aqueous and solid phase (linear sorption)
[L³M−1].
Once simulations are performed, modeling results (piezo-
metric heads and contaminant concentrations at different time
steps, one data set per contaminant) are imported into the GIS
interface (Fig. 3e) for the calculation of the groundwater quality
indicators (Fig. 3f), as described in the next section.
2.3. Groundwater quality assessment using the SEQ-ESO
indicator
The transport model provides concentrations of contami-
nants in groundwater at different times. However, these
contaminants are of different nature, with speciﬁc physico-
chemical properties and harmfulness for health or environment.
To evaluate objectively the overall quality of groundwater and its
level of degradation, it is necessary to normalize the concentra-
tions of contaminants using a uniform classiﬁcation procedure
with classes that consistently reﬂect equivalent levels of
degradation for the different contaminants considered (e.g.
drinking water limit). To reach that objective, the SEQ-ESO
indicator (‘Système d'Evaluation de la Qualité des Eaux Souter-
raines’, i.e. Groundwater Quality Evaluation System) used by the
Walloon Region of Belgium to report on the Water Framework
Directive groundwater quality monitoring network (Rentier et
al., 2004a; 2004b) has been selected and adapted. It is based on
the SEQ-Eau ranking system initially developed by the French
water agencies (Agences de l'Eau, 2002). The SEQ-ESO provides
an interpretationgrid for a completeprotocol analysis related to a
single water sampling point. Conversion from contaminant
concentrations to a normalized non-dimensional index is based
on interpolation functions between different threshold values
that depend on the water uses. The ﬁnal quality index, ranging
from 100 (good quality) to 0 (very degraded) corresponds to the
index of the most problematic compound (Rentier et al., 2006).
The calculation the SEQ-ESO quality index is performed in
two steps. First, contaminant concentrations are normalized
on a [0=poor, 100=good] scale considering different
contaminant speciﬁc threshold values, as illustrated for
benzene in Fig. 4. The threshold values are deﬁned for each
kind of contaminant with respect to different water uses.
Three different water uses have been deﬁned originally for
the SEQ-ESO: patrimonial status (PS), drinking water use
(DWU) and, biological impact on water courses (BIO). A
global groundwater quality status, called SEQW, is also
evaluated using a combination of PS and DWU thresholds
(see example for benzene in Table 1). Four threshold values
are deﬁned for each pollutant with linear interpolation for the
three ﬁrst intervals (S0–S1, S1–S2 and S2–S3), antilogarith-
mic interpolation for the S3–S4 interval and negative
exponential interpolation above the S4 threshold. In a second
step, the quality index is set equal to the lowest quality index
corresponding to the most degrading contaminant. In the
regional risk assessment approach described here, the SEQ-
ESO threshold values have been incorporated into the
pollutant library of the database considering the different
water uses (PS, DWU, BIO and SEQW). However, the SEQW
indicator, which is assumed to better reﬂect the global quality
of water, independently of any use, is effectively considered
for the calculation of the regional indicator for groundwater
quality. A speciﬁc SEQ-ESOmodule has been developed in the
ArcMAP environment for calculation of the regional indicator
of groundwater quality based on the SEQ-ESO methodology
(Fig. 3d).
Results imported from the groundwater ﬂow and trans-
port simulations provide concentrations for each contami-
nant in each grid cell and at each time step. The SEQ-ESO
procedure is applied in each cell of the grid to normalize the
concentrations of contaminants and to convert them into
groundwater quality indexes by considering the speciﬁc
threshold values of each contaminant.
This provides, at each time step, a map of distributed
groundwater quality indexes at the level of the grid. Finally,
an overall indicator can be obtained at each time step, by
spatial aggregation of the grid indicators weighted by the







where Iglobal is the global quality index for the whole
groundwater body at time t [−], VGW: the volume of
groundwater comprised in the zone where the risk is assessed
[L3], Vi: volume of groundwater into the cell i [L3] and Ii: quality
index for the cell i[−].
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The results of the SEQ-ESO application can be used in
different ways. The maps of indicators can be used to identify
most problematic sectors (contamination hot spots) with
heavily contaminated groundwater volumes within a more
generalized contamination. At the grid cell level, one can
examine theglobal evolutionwith timeof groundwater quality.
Finally, the aggregated indicator can be used to report on the
groundwater quality status of the groundwater body and for
groundwater quality trend assessment. In this context, the
indicator can be used as a referential for evaluating the risk of
not reaching a good status and to test the efﬁciencyof programs
of measures deﬁned to restore groundwater quality.
3. Illustrations
Two examples are proposed to illustrate the methodology
and to show its usefulness for groundwater management in
urbanized and industrialized areas: a synthetic example and
the ﬁrst results of a large scale application on a deteriorated
groundwater body in Belgium.
3.1. Synthetic illustrative example
This simpliﬁed example reproduces the relatively frequent
case of pollution of an alluvial aquifer by industrial contami-
nants emitted from an industrial plant located nearby a river
(e.g. Batlle-Aguilar et al., 2009). The studied domain corre-
sponds to a polluted area of 500 by 400 m. The alluvial aquifer
has a thickness of 15 m Themean hydraulic conductivity of the
alluvial sediments is 1×10−5 m/s. Groundwater is recharged
by inﬁltration from rainfall (135 mm/y=4.3×10−9 m/s). The
alluvial aquifer is drained laterally by the river. No-ﬂow
boundaries conditions are assumed at the external lateral
boundaries (north, south, west) of the model, except at the
riverbank (east) where a draining river boundary condition is
deﬁned (river stage: 55 m, hydraulic conductance of the
riverbed: 2.5×10−4 m²/s). The pollution sources deﬁned at
three different locations in the contaminated land parcel are
assumed to emit three different pollutants with contrasted
physico-chemical properties representative of common con-
taminants in such contexts: a PAH-like pollutant (lowmobility,
moderate degradation), a BTEX-like pollutant (high mobility,
highdegradation) and aVOCl-like pollutant (highmobility, low
degradation) (Table 2). Contaminants are assumed to leach into
the aquifer at their maximum solubility in the recharge water
for a period of 15 years, after which the sources are assumed to
be removed and contaminant leaching is stopped. The
contaminant transport model is run for 45 years from the
beginning of the leaching of contaminants.
Fig. 5a shows the three contaminants plumes in terms of
concentrations after 15 years. As expected, these plumes reﬂect
the speciﬁc properties of the contaminants (solubility, sorptiv-
Fig. 4.Normalization from benzene concentration in groundwater to groundwater quality index according to SEQ-ESOmethod and SEQW thresholds (for example,
groundwater contaminated at 5 μg/l of benzene corresponds to a quality index of 26).
Table 1
Illustration of the combination of PS and DWU thresholds for the deﬁnition of SEQW threshold and origin of thresholds for benzene (example).
Benzene Patrimonial status (PS) Drinking water use (DWU) SEQW
Threshold μg/l Origin μg/l Origin μg/l
S1 0.25 Reference value for natural groundwater
quality including geochemical background.
0.5 Guidance value of the 80/778/CEE EU
Directive concerning drinking water (CEU 1980).
0.25
S2 0.5 Linear interpolation between S1 and S3 1 Walloon drinking water standard 0.5
S3 0.75 Threshold value as deﬁned in the Walloon Soil Decree – Does not exist 1
S4 4 Intervention value for cleaning as deﬁned in the
Walloon Soil Decree
10 Guidance value of the 75/440/CEE EU
Directive concerning quality water before treatment
of surface abstracted for drinking water (CEU 1975).
10
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ity and degradability). PAHs are almost immobile and do not
disperse into groundwater. VOCl are very mobile and BTEX are
mobile but their plume extent is reduced because of degrada-
tion processes. However, these pictures do not give any clear
insight on the actual degradation level of the groundwater
resource in the area. Fig. 5b shows the SEQ-ESO map of
indicators for the three contaminants concentrations scaled
into in a single groundwater quality index. This shows that
most of the groundwater is heavily contaminated in the
plumes. Finally, Fig. 5c shows the evolution of the spatially
aggregated groundwater quality index for each contaminant
considered separately and the global SEQ-ESO indicator for the
whole aquifer. During the period of contaminant leaching,
groundwater quality is progressively degraded with time, the
VOCl contaminant being the most signiﬁcant contributor
(approximately 40%) to this degradation. The BTEX contami-
nant contributes to a subsequent degradation of groundwater
(approximately 10%) during the ﬁrst 25 years. After 25 years,
the contribution of BTEX to groundwater quality degradation
becomes negligible because of the progressive removal of the
remaining quantity of BTEX by biodegradation in contrast with
VOCl that does not degrade and keep a strong impact on
groundwater quality after 45 years. The PAH contaminant is
very sorptive and insoluble and it remains captured near the
source from where it never effectively contaminates
groundwater.
3.2. Real-scale application in the alluvial aquifer of the River
Meuse
The Meuse River ﬂows in the Walloon Region of Belgium
along 128 km from the French to the Dutch borders. The
alluvial aquifer located in the deposits of the river contains an
important groundwater resource which is exploited for water
distribution and industry thanks to many water catchments
located in the alluvial plain (Haddouchi, 1987; Brouyères et
al., 2006). In the region of Liège, heavy industries related to coal
extraction, metallurgy and chemistry have been developed for
more than two centuries. These industries were preferentially
settled in the alluvial plain, near the river, for facilitating
transportation by boat of primary and ﬁnal products. This,
together with a growth in the urbanization, has resulted
nowadays in the existence of numerous potentially contami-
nated sites and a generalized contamination of groundwater in
the alluvial aquifer.
The portion of alluvial aquifer corresponding to the
industrial area, located North-East of the Meuse Belgian
stream (Fig. 6a), has been explicitly deﬁned by regulators as a
distinct groundwater body (named RWM073) from the rest
of the alluvial aquifer to allow deﬁning speciﬁc measures
related to the issue of deterioration in groundwater quality in
this part of the alluvial aquifer.
The problem of regional groundwater contamination is
known and documented through water analyses at different
locations, but important questions remain. There is no real global
estimation of the actual level of water quality degradation at the
scale of the groundwater body and of the actual contribution of
industrial activities to this degradation as compared to other
possible contamination sources, such as groundwater rebound
after coal mine closure or diffuse atmospheric pollution. There is
also no integrated referential for land cleanup prioritization and
cost-efﬁciency assessment. To answer these questions, a
referential for groundwater quality at the scale of the ground-
water body is essential. An application of the regional-scale risk
assessment approach has been initiated on this groundwater
body.At the following, theﬁrst steps and results aredescribed.At
this stepof the analysis, the objective of the real-scale application
is not to provide a deﬁnitive value of the indicator of
groundwater quality for the investigated groundwater body
but to test and validate the concepts at real scale and to identify
the priorities for further investigations.
The Meuse river alluvial gravel groundwater body
RWM073 stretches on 40 km. The alluvial plain has a mean
width of 3 km. The usual top–bottom geology consist of 2 to
4 m of backﬁll deposits, 1 to 4 m of silt sand clay deposits and
approximately 8 m of alluvial gravels lying on a shaly bedrock
that constitutes the impervious lower boundary of the
aquifer. A data mining on the hydraulic properties of the
aquifer has revealed hydraulic conductivity values ranging
from 10−3 to 10−6 m/s with a mean value of 8×10−5 m/s.
Along most of the river course, groundwater is drained by the
Meuse River and it ﬂows more or less perpendicularly to the
river bank with a mean hydraulic gradient of 0.003 m/m. The
aquifer recharge has been calculated using remote sensing
imagery integrated in a modeling procedure. From medium
resolution satellite imagery, the land-covermapping is drawn
and serves, along with soil type, topography and other
physical parameters, in a hydrologic model to produce a
high resolution spatially distributed groundwater recharge
(Dujardin et al., 2011). Groundwater abstraction in the
alluvial aquifer is limited to few industrial pumping wells
which do not signiﬁcantly affect regional groundwater
patterns. As a ﬁrst approximation, these pumping wells
have been disregarded.
Groundwater ﬂow and transport simulations are per-
formed using MODFLOW (Harbaugh et al., 2000) and MT3D
(Zheng and Wang, 1999). The model is developed using the
ﬁnite difference method with a constant cell size of 20 by
20 m. The top of the model is given by a DTM and the cell
thickness is assumed constant (15 m). The external boundary
conditions are represented by speciﬁed ﬂuxes at the lateral
limits of the alluvial plain to consider groundwater ﬂowing
from the hill slope of the valley, by the inﬁltration recharge
and by the River Meuse acting as regional drain of the aquifer.
The groundwater ﬂow model is calibrated in steady state
mode using piezometric head measurements available in the
area (Fig. 6b). Transport parameters are deﬁned based on
previous experiments and scientiﬁc works in the Meuse
alluvial aquifer (Derouane and Dassargues, 1994; Brouyère,
2001; Batlle-Aguilar, 2008; Batlle-Aguilar et al., 2009).
Transport simulations are run over a 20 years period.
Table 2









mg/l 1830 10 1100
Kd m³/mg 4.15×10−11 4.77×10−7 3.50×10−11
Degradation s−1 1×10−7 1×10−9 1×10−9
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The GIS-based regional risk assessment application has
been used to extract the most common industrial activities
recovered on the groundwater body, i.e. industrial plants
included in the categories “mining”, “gas station” and
“metallurgy”. Only important plants with a spatial extent
larger than 5000 m² have been considered. In this example,
benzene is the only contaminant taken into consideration,
with a worst case scenario assuming that all potential sources
are active. The sources of contaminant are assumed to leach
continuously in the recharge to the aquifer at their maximum
solubility and contaminant spreading in groundwater is
modeled considering advection, dispersion, sorption and
degradation processes (Table 3). In the reality, the different
sources have certainly started to leach at different times and
with different discharge rates and the contamination history
should be reconstructed in order to produce a more
representative sketch of the time evolution of groundwater
contamination (e.g. Troldborg et al., 2008).
Once the simulation is performed in GMS, results ﬁles are
exported to the GIS application to calculate maps of the SEQ-
ESO indicators and the global quality index at each time step.
Fig. 6b shows the map of benzene concentrations in the
alluvial aquifer and Fig. 6c a map of the global quality index,
both after 10 years. This map highlights highly contaminated
zones.
The last graph (Fig. 6d) shows the evolutionwith timeof the
SEQ-ESO global quality index for the whole groundwater body.
Contaminant plumes reach steady state and equilibrium
between source leaching and contaminant dispersion, attenu-
ation and drainage to surface water after approximately
5 years. All the simulations performed here show that, a single
polluted site does not have a signiﬁcant effect on the overall
qualityof thatwholegroundwaterbodybut that,with reasonable
assumption and despite the turnover of groundwater and the
degradation of pollutants, multiplication of industrial contami-
nated sites canhave a strong effect on groundwater quality at the
scale of the groundwater body.
However, simulationswere run considering strong assump-
tions that constitute a worst case scenario for benzene for
which a large amount of contaminant is probably released into
the groundwater body. A real case is for sure much more
complex. Many different contaminants with different physico-
chemical properties (sorption, degradation) are usually re-
leased to groundwater at different times and for different
durations. Source strengths are usually smaller because the
contaminated soils are usually restricted to some parts of
extents of the industrial sites. However, leaching can be greater
in case of non-aqueous phase liquids. Based on these
considerations, it can be concluded from the ﬁrst simulations
that the industrial pressure on the Meuse alluvial aquifer is
likely to be important but no deﬁnitive and quantitative
conclusions can be drawn at this level of the analysis. Further
data on contaminated sites characterization remain necessary
for reﬁning the regional risk assessment.
Fig. 5. (a) Contaminants concentration after 15 years, (b) map of groundwater quality index after 15 years and (c) evolution with time of the global quality index
using SEQ-ESO after spatial integration.
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3.3. Conclusions and perspectives
A regional scale risk assessment methodology for ground-
water bodies is proposed as a ﬂexible approach for evaluating
the pressure exerted by various sources of contamination of
groundwater resources. The methodology is based on the
aggregation of various cumulative sources of contaminants of
different chemical natures, properties and toxicities into a set
of “easy to use” spatially distributed or aggregated indicators.
The spatially-distributed indicators (maps of indicators) can
be used to identify most problematic sectors (hot contamina-
tion spots) with larger volumes of heavily contaminated
groundwater and the evolution with time of groundwater
quality at different locations in the catchment. The spatially-
aggregated indicator can be used to report on the global status
of groundwater quality in the groundwater body, for ground-
water quality trend assessment and as a referential for site
prioritization and for the evaluation of programs of measures
aiming at restoring groundwater quality in the groundwater
body, using cost-efﬁciency approaches.
Thanks to these capabilities, the regional risk assessment
methodology is compliant with the ongoing legislation in the
Walloon region, based on the SEQ-ESO and it ﬁts very well with
the guidelines of the EUWater Directivewhich promotes the use
of aggregated indicators able to reﬂect status and trends in
groundwater quality and to evaluate in a rigorousway the risk of
not reaching a good status by speciﬁc milestones such as 2015.
A synthetic example and a ﬁrst illustrative application
have been developed for the alluvial aquifer of the Meuse
River in the region of Liège (Belgium). These examples
conﬁrm that the approach provides a useful referential for
decision-making in relation with regional contamination of
groundwater. The synthetic test case demonstrate that the
approach is able to turn a complex multiple contamination
into a simple global quality index, evolving with time and
easily incorporated or compared to a risk index.
The application on the RWM073 allows also deﬁning the
weakest points and drawbacks of such a regional approach and
the priorities for further developments. First, the approach is
data demanding. However, this is the case for all these regional
scale approaches that require relatively important preparatory
works for data acquisition, organization and processing. This
drawback is partly overcomeby the useof a geospatial database
and speciﬁc interfacing tools between the GIS system, the
groundwater ﬂow and transport modeling application and the
regional SEQ-ESO calculation module. In this context, further
work is ongoing on developing customized user-interfaces for a
better integration of the whole procedure.
Table 3
Contaminants parameters used for real application case.
Parameters Units Benzene
Concentration in recharge mg/l 1830
Kd m³/mg 4.15×10−11
Degradation s−1 1×10−7
Longitudinal dispersivity m 5
Transversal dispersivity m 0.5
Effective porosity – 0.05
Fig. 6. Preliminary results of regional risk assessment on groundwater body RWM073 considering industrial activities releasing benzene into the groundwater. The
resulting SEQ-ESO indicator suggests a “medium” quality status of the groundwater body.
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Secondly, there are many sources of uncertainties in the
different data feeding the approach. In particular, the
pollution sources are not always perfectly identiﬁed and
characterized and hydrogeological parameters and contam-
inant properties remain difﬁcult to identify and to quantify at
the regional scale. Further investigations are required on the
reconstruction of the history of contamination of the
groundwater body and on a better evaluation of source
strengths. A key next step will be to implement a statistical
approach for handling all the uncertainties that remain at
regional scale. More particularly, it is expected to obtain, in a
near future, statistics on contaminant leaching in relation
with different industrial and environmental factors such as
characterization of contaminated site (industrial activity,
area, land use) and properties of the soil (groundwater
ﬂow, lithology). To reach that objective, information on
contaminated sites available in the French database ADES
(Chery et al., 2008) developed andmanaged by BRGM, will be
used. This database contains analyses for contaminants in
groundwater for most industrial plants in France as requested
by the regional environmental agencies.
Finally, the regional ﬂux-based risk assessment approach
is now used as a referential for a cost–beneﬁt assessment of
total or partial remediation of the contaminated groundwater
body, according to different management scenarios. This
analysis starts from the actual groundwater body quality state
for which groundwater restoration scenarios (based on
natural attenuation or active remediation) are suggested.
The regional risk assessment method is then applied on these
scenarios to evaluate the improvement of the groundwater
quality index when management plans are applied. This
allows evaluating, in monetary terms, the costs for given
improvements in the groundwater body quality status.
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